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Abstract – Malnutrition and pesticide exposure are severe factors contributing to the current losses of honeybee
colonies. As these stressors often occur combined, we studied the synergistic effects of different diets and pesticide
exposure on food choice and mobility of Apis mellifera . We fed beehives with different food sources and exposed
the bees to sublethal doses of thiacloprid. After that three different types of honey and pollen were offered in separate
choice assays and behaviour towards food was recorded. Thiacloprid significantly affected the food choice in the
honey assay, increasing the bees’ preference of polyfloral honey, while pre-pesticide diet had no influence. The
pollen choice remained similar regardless of treatments, as bees always preferred polyfloral pollen. Interestingly,
pesticide exposure affected bee mobility differently, depending on the previous diet. These results indicate that the
diet is an important factor influencing the susceptibility to pesticides.
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1. INTRODUCTION
Honeybees contribute to ecosystem services by
pollinating a large variety of wild and cultivated
plants on which other biological processes and
service-providing organisms depend on (Kremen
et al. 2007). In recent years, however, losses of
managed colonies have been recorded all over the
world (Steinhauer et al. 2018; Requier et al. 2018;
van Engelsdorp and Meixner 2010). The reasons
for this are manifold and include diseases, con-
stant intensification of agriculture, increase of
monocultures, and the closely linked excessive
use of agrochemicals, all together leading to hab-
itat loss and a reduced availability of a balanced
nutrition (Goulson et al. 2015).
Neonicotinoids are currently the most used in-
secticides in the world (Craddock et al. 2019).
They are systemic pesticides, implying that they
end up in all parts of the plants, including pollen,
nectar, and guttation fluids. This allows an effec-
tive and holistic protection against herbivores, but
also means that non-target organisms like pollina-
tors are exposed to the neurotoxic compounds.
Neonicotinoids are water-soluble and highly per-
sistent chemicals, so that residues can still be
found in the environment even after longer pe-
riods of non-application. Neonicotinoids bind to
nicotinic acetylcholine receptors (nAChRs),
which affect the central nervous system of insects
(Goulson 2013). The concentrations present in
pollen and nectar may not cause direct mortality,
but even sublethal doses can have far-reaching
effects on the orientation and memory of honey-
bees (Yang et al. 2008), therefore endangering the
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individuals’ foraging-ability and affecting the sur-
vival of the whole colony (Henry et al. 2012).
A balanced nutrition is a critical factor
influencing honeybee health: Nectar provides
bees with important vitamins, minerals, and lipids
and proteins in pollen comprise amino acids vital
f o r t h e d e v e l o pmen t o f i n d i v i d u a l s
(Brodschneider and Crailsheim 2010). Poor nutri-
tion can have a bearing on the lifespan, as well as
on the resilience against potential pathogens
(Dolezal and Toth 2018). The lack of diverse food
resources, to which bees are increasingly exposed
in the modern monocultural farming lands, there-
fore may play a key role in the ongoing weaken-
ing of colonies (Di Pasquale et al. 2013).
Since little is known about the synergistic or
additional effects of an inadequate diet and pesti-
cide exposure (Goulson et al. 2015), the aim of
this research was to investigate how the diet of
honeybees together with exposure to the
neonicotinoid thiacloprid influence their behav-
iour. With food choice assays, we studied if dif-
ferent food sources lead to a change in bee behav-
iour when exposed to sublethal doses of
thiacloprid. The underlying hypothesis is that pes-
ticide exposure would reduce bee mobility and
lead to an increased interest in complex food, as
the animals are weakened by the toxic com-
pounds. Individuals fed with highly diverse food
resources are expected to be more resistant against
pesticide exposure. Generally, we expected the
bees to prefer polyfloral honey and pollen over
other options as they are assumed to have more
balanced nutritional quality than monofloral hon-
ey or pollen (Branchiccela et al. 2019). Beside
food preference, we also monitored the combined
effects of diet and pesticide exposure on bee mo-
bility and feeding activity.
2. MATERIAL AND METHODS
2.1. Experimental set-up, animals, and
feeding regimes
We purchased queens with starter hives of the
subspecies Apis mellifera carnica from the
Steirische Imkerschule in June 2019. Each colony
was placed in a small hive box (30 × 30 × 17 cm)
made from polystyrene with six wooden frames in
it. All hives were habituated in the bee yard of the
University of Graz campus. The rearing resulted
in twelve hives, which we split into three groups
with different feeding regimes starting on July 9:
we fed four hives conventional sugar solution
Apiinvert® (a liquid bee food by the German
company Südzucker consisting solely of sucrose
and its components glucose and fructose), while
four hives received monofloral honey (creamy
sunflower honey) and the remaining four hives
were fed polyfloral honey (a 50-50 mixture of
forest and blossom honey), both purchased from
the Steirische Imkerschule in Graz. The honeys
were diluted so that all three food sources had
70% sugar concentration. The bees were fed in
their outdoor hives with the different food sources
for 10 days ad libitum, after which no more food
was added to the hives. The bees used in the
experiments were extracted from the hives 2 days
later, which should be enough time to ensure they
had been exposed to the hive specific diet.
2.2. Thiacloprid exposure
For the thiacloprid exposure, 30 bees per hive
are collected directly from the brood comb with
tweezers and transferred into treatment boxes (15
× 12 × 8.5 cm with a volume of 1.5 l), where they
were fed water and thiacloprid in their pre-
treatment food (sugar solution, monofloral honey,
polyfloral honey) via two different syringes, each
with a volume of 20 ml, for 24 h ad libitum
(Suppl. Fig. 1). As for the control, the same pro-
cedure was done without thiacloprid for each of
the studied hives. During the 24-h insecticide
exposure, the bees were kept in an incubator at
34 °C and relative humidity above 50% to simu-
late normal hive conditions (Williams et al. 2013).
We used a sublethal thiacloprid concentration of
6.5 μg/ml food (6.5 ppm). This concentration is
about a thousand times higher compared to mean
residue levels found in nectar after applying the
pesticide as foliar spray on oilseed rape crops in
Poland (Pohorecka et al. 2012). However, natural
exposure can momentarily be as high as this. For
example, the thiacloprid formulation Calypso®
has a suggested spraying concentration of 180
μg/ml. Our 24-h exposure with a concentration
of 6.5 μg/ml thus reflects a conceivable short time
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exposure to thiacloprid after spraying. Previously,
slightly lower concentrations have been used in
exposure experiments, but with longer exposure
times, for example, a concentration of 5.1 μg/ml
for 10 days (Vidau et al. 2011), 3.78 μg/ml for 11
days (Dickel et al. 2018), or 2 μg/ml for 7 and 13
days (Brandt et al. 2016; Liu et al. 2020).
Thiacloprid was obtained as dry powder (Sigma)
and was first dissolved in dimethyl sulfoxide
(DMSO) to create a stock solution. The
thiacloprid stock was then used with the same
sugar and honey solutions that were used for hive
feeding to create a feeding solution with 6.5 ug/ml
thiacloprid. DMSO concentration was adjusted to
0.1% in all treatments.
2.3. Behavioural observations
After the thiacloprid exposure, we carefully
opened the boxes and used the first ten individuals
per box that were capable of flying out from the
boxes towards a window in the lab, where they
could be easily caught. This technique ensured
that we did not use the individuals which were
totally paralyzed by the pesticide, and was
deemed to be the least stressful method of captur-
ing, both for the bees and the researchers. We
transferred the ten bees individually into 15-ml
falcon tubes and starved them for 2 h at the 34
°C in the incubator. The bees were then trans-
ferred one by one into petri dishes for the 10-
min filming period of the food choice assays.
One filming event was composed of six individual
bees in six separate petri dishes from three differ-
ent hives (one per hive from control and treatment
groups) with randomly attached labels to ensure a
blinded process. We used Sony Camcorder
(model HDR-XR155E) to shoot the videos. Be-
tween each take, the whole set-up was rotated 90
degrees to ensure that the direction of the light
from the windows did not affect the results.
2.3.1. Honey choice assay
For the honey choice assay, we placed each bee
in the middle of a petri dish, which was visually
divided into three different sectors (A-C). In each
sector, we offered a different type of food in the
caps of 1.5-ml Eppendorf Tubes® (see Fig. 1).
The individuals could choose between their pre-
treatment food sources: Apiinvert® sugar solution
in sector A, monofloral sunflower honey in sector
B, and polyfloral honey in sector C.
2.3.2. Pollen choice assay
The set-up for the pollen choice assay was
identical to the honey choice assay except we used
different individuals and offered them sugar-yeast
dough (in sector A), monofloral pollen from
Sinapis sp. (in sector B), and polyfloral pollen
from different local plant sources (in sector C).
Both the pollen and the honey were purchased at
the Steirische Imkerschule. Yeast was used
Fig. 1 Experimental set-up for the honey choice assay: A petri dish visually divided into three equally sized sectors
with a different food resource in each sector (sector A: sugar solution ; sector B: monofloral honey ; sector C:
polyfloral honey)
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because it has a similar protein concentration but
less of the other nutrients present in pollen and is
s tandardly used as a pol len subst i tute
(Westendorp 2015). The different food sources
are mixed with sugar and water to make their
drinking consistencies equal (Supplementary Ta-
ble 1 1).
2.4. Video analyses
To quantify bee behaviour, we scored 10 min
of the videos with fully blinded procedures re-
garding the diet and pesticide treatments, starting
from when the bee was placed into a petri dish,
using the software Jwatcher version 1.0
(Blumstein and Daniel 2007). We recorded the
position of the bees in the petri dishes (sector A,
B, or C), and whether the individuals were con-
suming the offered food or not (proboscis in food)
by pressing predefined keystroke combinations
(e.g. pressing A when the bee was in sector A,
and B when it changed to sector B). The software
simultaneously recorded the corresponding times
to each behaviour. This way we could identify the
favoured food source of the examined individual
(where it ate longest) and its mobility, defined by
the number of times the individual crossed the
lines between sectors.
2.5. Statistical analyses
For data analysis, we used R version 3.6.1
(R Development Core Team). The analyses for
the honey and the pollen assays were done
separately. To assess the effects of the whole
pre-experimental diet variable instead of the
effects of every factor level separately, we
produced an ANOVA results table for each
analysis (using the 'Anova.clmm' function
from the package “RVAideMemoire” in case
of Cumulative Link Mixed-effects Model
(CLMM), and 'Anova' function from the pack-
age “car” in the rest).
A) Food preferenceTo determine factors influenc-
ing which food bees favoured, we ran a full-
factorial CLMM with “clmm” function from the
“ordinal” package (Christensen 2015, 2019). We
excluded the bees which did not eat at all during
the experiments [n (honey assay) = 18, n (pollen
assay) = 38]. We included the favoured food
(which food bees spent most time eating) as the
ordinal response variable (in the order of sugar/
yeast < monofloral < polyfloral), and used treat-
ment (pesticide/control) and pre-experimental diet
(sugar solution/monofloral honey/polyfloral hon-
ey) as explanatory variables, and researchers scor-
ing the videos and nest IDs as random effects. As
the interaction between treatment and pre-
experimental diet was not statistically significant
in either of the models, we excluded it from the
final models.
B) Feeding activityBecause there were 56 bees
in total that did not eat at all, we investigated
if the treatment and pre-experimental diet af-
fected whether bees ate or not. We formed a
full-factorial generalized mixed-effects model
(GLMM) with binomial distribution, using the
“glmer” function from the package “lme4”
(Bates et al. 2014). We included the eating
status (did eat/did not eat) as the response
variable, treatment (pesticide/control) and pre-
experimental diet (sugar solution/monofloral
honey/polyfloral honey) as the explanatory
variables, and researchers scoring the videos
and nest IDs as random effects. As the inter-
a c t i o n s b e tween t r e a tmen t and p r e -
experimental diet were not statistically signif-
icant, we excluded them from the final models.
C) MobilityTo analyse whether pesticide and pre-
experimental diet affected bee mobility (the total
number of times crossing a line between sectors),
we ran a full-factorial generalized mixed-effects
model (GLMM) with “glmer” function from the
“lme4” package (Bates et al. 2014). The analyses
were run separately for pollen choice and honey
choice assays, as their different environmental
context likely affects bee behaviour, too, but is
not the subject of our study. We fit the mobility as
the response variable, treatment (pesticide/con-
trol) and pre-experimental diet (sugar solution/
monofloral honey/polyfloral honey) as explanato-
ry variables, and researchers scoring the videos
and nest IDs as random effects. We ran the anal-
yses first with Poisson distributions, but since they
were over-dispersed (the square root of the
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penalized residual sum of squares divided by the
number of observations: 5.94 and 7.88, respec-
tively), we did the final analyses with negative
binomial distribution.
3. RESULTS
From 366 control bees, one died during the 24-
h pesticide exposure (0.3%). The treatment group
consisted of 365 individuals, of which three bees
(0.8%) died. This low number of dead bees shows
that pesticide treatment had no effect on honeybee
survival.
A)Food preferencePesticide treatment significant-
ly affected the choice between different honeys
(CLMM: χ2 = 4.436, n = 198, df = 1, p = 0.035).
Monofloral honey is clearly favoured by control
bees that had not been treated with pesticides,
whereas pesticide-treated bees change their choice
towards polyfloral honey (Fig. 2a). Pre-
experimental diet did not affect the honey choice
(CLMM: χ2 = 3.286, n = 198, df = 2, p = 0.193).
In the pollen assay, neither treatment (CLMM: χ2
= 0.002, n = 201, df = 1, p = 0.96) nor pre-
experimental diet (CLMM: χ2 = 0.684, n = 201,
df = 2, p = 0.71) affected the food choice.
Polyfloral pollen is overall the most favoured food
for both control and pesticide-treated bees (68%;
Fig. 2b).
B)Feeding activityNeither pesticide nor pre-
experimental diet affected whether bees ate or
not in either of the food assays (honey GLMM:
treatment, χ2 = 0.97, df = 1, p = 0.33 and pre-
experimental diet, χ2 = 2.46, df = 2, p = 0.29; n =
216; pollen GLMM: treatment, χ2 = 0.0024, df =
1, p = 0.96 and pre-experimental diet, χ2 = 1.86,
df = 2, p = 0.40; n = 239). The number of bees not
eating at all ranged between 5.6 and 20% in the
treatment and pre-experimental diet groups (Sup-
plementary Table 2).
Bees in the honey choice assay eat primarily in the
beginning of the experiment, while bees in the
pollen choice assay eat repeatedly during the
whole filming period and obviously prefer
polyfloral pollen (control and treatment) (Suppl.
Fig. 2).
C)MobilityThe pesticide treatment mostly reduced
bee mobility, but the effect depended on the pre-
vious diet in both the honey assays (GLMM with
negative binomial: χ2 = 6.41, df = 2, n = 216, p =
0.041) and pollen assays (GLMM with negative
binomial: χ2 = 6.15, df = 2, n = 239, p = 0.046).
The full results on bee mobility are presented in
Supplementary Tables 3 and 4.
In the honey choice assay, mobility of pesticide-
treated bees (mean number of times crossing the
sector line) was lower than that of control bees, if
they had eaten polyfloral honey before the exper-
iment, but it did not differ between the treatments
if bees had eaten other food (Fig. 3a, Supl.
Table 4). In the pollen assay, mobility of
pesticide-treated bees is lower than that of control
bees when their previous diet was monofloral
honey (Fig. 3b, Supl. Table 4). The pesticide-
treated bees with sugar solution diet had slightly
higher mobility than control bees.
4. DISCUSSION
In our study, pesticide and diet had combined
effects on bee mobility. We also found out that
pesticide exposure changed bee food preference
towards polyfloral honey, while bees always pre-
ferred polyfloral pollen. These results are in ac-
cordance with other findings in pollinators, which
show, for example, that bumblebees best thrive on
polyfloral pollen (Dance et al. 2017), and poor
diet in combination with pesticides has negative
effects on survival in both bees and bumblebees
(Dance et al. 2017; Tosi et al. 2017).
Overall, we show that pesticide exposure leads
to different changes in bee mobility based on their
previous diets. Pesticide exposure led to lower
mobility for the bees fed on monofloral honey,
but at the same time, bees fed on sugar solution
were more mobile in our pollen choice assay.
Interestingly, the mobility results in the honey
choice assay are yet slightly different. This shows
that the coeffect of diet and pesticide exposure,
while it clearly exists, is not simple. These results
indicate that nutrition is a decisive factor influenc-
ing the susceptibility against pesticides and other
detrimental environmental impacts, as confirmed
also in the study by Archer et al. (2013). The
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harmfulness of neonicotinoids may be influenced
by the health status of individual bees and the
whole colony. For example, Vidau et al. (2011)
shows that the mortality of honeybees infected
withNosema ceranae (a parasite) was significant-
ly higher when combined with thiacloprid
exposure (71%) compared to the parasite infection
alone (47%). Our results, together with previous
findings, support the idea that the combined ef-
fects of different stressors can have more severe
consequences on bees than each of these stressors
alone.
Fig. 2 The percentage of bees favouring (eating the longest time) each food source within both treatment groups in
(a) the honey choice assay and (b) the pollen choice assay
Fig. 3 Effects of pesticide treatment and pre-experimental diet on mean bee mobility (mean of the total number of
times crossing a line between sectors ± SE) in (a ) honey choice assay and (b ) pollen choice assay. Bees had either
sugar solution, monofloral honey, or polyfloral honey diets before the expeiment
Coeffects of diet and neonicotinoid exposure on honeybee mobility and food choice 663
A study of Hendriksma and Shafir (2016)
revealed that bees can discriminate between
different diets and choose complementary food
sources to prevent nutritional deficits. Several
insects have shown to have the ability to self-
medicate (Abbot et al 2009; Bos et al 2015)
and reduce stressor-related effects on the
health. We did not analyse the nutritional val-
ue of the different food sources in the present
study, but based on earlier studies, we can
assume that polyfloral honey and pollen con-
stitute a more balanced and varied diet, while
sugar and yeast or monofloral pollen and hon-
ey represent more one-sided nutr i t ion
(Brodschneider and Crailsheim 2010; Vaudo
et al. 2015). As nutrition probably plays a role
in insecticide resistance (Kramer et al. 1990),
the bees may need to look for more nutrient-
rich diet to meet their needs. We found that
thiacloprid treatment changes bees’ food
choices towards polyfloral honey, presumably
because it is more nutrient rich and enables a
stronger baseline immunocompetence and gen-
eral fitness (Alaux et al. 2010). There is no
similar effect on pollen choice because bees
preferred polyfloral pollen independent of
treatment. The consumption of high diversity
pollen improves the tolerance against pesti-
cides (Schmehl et al. 2014), and an inadequate
supply with pollen reduces stress resistance
and may cause colony collapse disorder
(Zachary 2012).
Even though previous diet can affect in-
sects’ further food choices, for example,
through them compensating for lack of nutri-
ents in the earlier diet (Berner et al. 2005,
Hendriksma and Shafir 2016), or by them
favouring familiar food (Costa et al. 2016),
the previous diet in our study had no effect
on the food choices during the experiments.
The bees did not, for example, prefer the food
they were given before the experiments. In-
stead, they had an overall preference for honey
over sugar and a strong preference for
polyfloral pollen. They seem to prefer more
complex food, regardless of what they had
before, likely due to evolutionary adaptations.
If we had exposed the hives to different diets
for a longer time, we might have seen some
effects of diet on their further food choices, as
has been shown on other insects (Berner et al.
2005, Costa et al. 2016). In our experiment,
the bees were also allowed to forage freely
during the diet treatment, making their diets
more similar, although they always consumed
the food in the hives first.
It is well-known that neonicotinoids have
detrimental effects for honeybees and other
pollinators, and even low concentrations of
thiacloprid severely impair the cognitive abili-
ties of honeybees, like navigation and memo-
ry, as well as the motivation to forage and to
communicate their findings (Wood and
Goulson 2017; Muth et al. 2019; Siviter et al.
2018). The study of Tison et al. (2016) showed
that foraging bees chronically exposed to sub-
lethal doses of thiacloprid (4.5 ppm) consumed
less food, performed less waggle dances, and
showed increased problems of finding back to
their hives compared to control groups. Our
survey confirms these results, even in the
study set-up where the effects of impaired
flight are ruled out. Bee behaviour and food
choice are affected by pesticides even when
the food is directly in front of them and easily
accessible. The effect is strong enough to be
shown even with our limited colony-level sam-
ple size. Given the large amount of colony-
level variation in social bees, further studies on
this topic, and especially its importance in
natural populations, are gravely needed.
We can conclude that thiacloprid signifi-
cantly affected the food choice in the honey
choice assay, while pre-experimental diet had
no influence in our study. As bees treated with
thiacloprid preferred the food with higher nu-
tritional value (polyfloral), our findings sug-
gest that bees make food choices dependent
on their current health status. Concerning mo-
bility, the effect of pesticide depended on the
previous diet, which is a novel result and
needs further inspection. Overall, our results
indicate that the diet is an important factor
influencing the susceptibility to pesticides.
Monitoring the interactions between different
stressors on pollinators is of tremendous im-
portance because it will help to better under-
s tand whether they ac t add i t ive ly or
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antagonistically (Collison et al. 2016) and how
they influence pollinator health and thus the
functioning of the whole ecosystem.
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